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AFL-TR 84m030 1
Ionospheric and magnetospheric modifications caused by

the injected VLF waves

.C. Lee

Regis College Research Center, Weston, Mass. 02193, U.S.A.

S.P. Vuo

Polytechnic Institute of Nev York, Long Island Center,

Farmingdale, N.Y. 11735, U.S.A.

- Abstract. The ionosphere and the magnetosphere may be significantly

modified by the injected VLF waves via the thermal filamentation instab-

ility and the excitation of lower hybrid waves.

1. Introduction
In VLF wave injection experiments performed, for example, at Siple,

Antarctica, the ground-based transmitters are usually operated in a

pulsed-wave mode with durations of a few seconds. These VLF wave pulses

.ha-bee. used to study coherent wave-particle interactions in the

magnetosphere such as the wave amplification, the triggering of wave

emissions, the induced particle precipitation etc. (see, e.g., Helliwell,

1983). We show in this paper that if the transmitters are operated 7

continuously for a few minutes, significant ionospheric and magnetospheric

disturbances can be caused by the following two processes. One is the

thermal filamentation of the pump wave and the other one is the excita- pi

tion of lower hybrid waves.

2. Thermal filamentation of whistlers

Monochromatic VLF waves have been observed to change from linear "" "-

into circular polarization (i.e., a whistler mode) on their path through

the neutral atmosphere and into the ionosphere. If the pump waves are

intense enough, the filamentation instability of whistlers can be ex-

cited. This instability yeilds a whistler sideband and zero-frequency

modes that are associated with the simultaneous excitation of both

plasma density fluctuations (6n) and magnetic field fluctuations (5B).

The source of these magnetostatic fluctuations stems from the wave-

induced quasi-DC electric current due to the electron F x B drift

motion under the influence of the differential Ohmic heating force.
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The plasma density fluctuations (6n) and the magnetostatic fluctu-

ations (6B) are found to be related as

Sn/n °  ( 1 +(0 /)(c2/X2f2)l(6B/ o) (1)

where fp, V, no, B , y , and A are, respectively, the electron plasma

frequency, the electron-ion collision frequency, the background plasma

density, the earth's magnetic field, the growth rate of the instability,

and the scale lengths of the excited modes. It is clear from (1) that

significant magnetostatic fluctuations are associated with the excitation j
of large scale modes.

Although the whistler waves have a broad propagation regime:

Ie1 << W < ine , the excitation of the filamentation instability is

restricted to whistlers with frequencies (w ) satisfying the following

condition:

W 0 C pQel -0)-1 (2 + k c2)- - kcIaneltaeI + o 0"
p

bo + kc < 0 (2)
0

where W, jae (Iflail). w o and k are the angular electron plasma

frequency, the electron (ion) gyrofrequency, the angular whistler wave "_-

frequency, and the wave number of the excited modes, respectively. The
-:/inequality (2) demands that w > I1 for the excitation of large scale

-A modes. Since IQe1- 1.4 MHz (13.6 KHz) in the ionospheric F region (in

the magnetosphere at L - 4.0), this result indicates that the thermal

filamentation of whistlers can occur in the ionosphere (in the magneto-

sphere at L -4.0) when the wave frequencies are within the frequency

range: 1.4 MHz > w12w > 0.7 HHz (13.6 KHz > w 12w > 6.8 KHz).
0 0

The threshold of this instability has been found to be

I ect/mc I2 1.5 1 -Ia (4 -a -

•o-kI + b - ab) ()
where a = k2c2 (W2  - Q2 )/W IQ W2 , b w w o 2 /(W - I0 1)(W 2 + k2 c 2 )

0 e 0 e p op 0 e p

and vi is the ion thermal velocity. The threshold fields thus calculated

are of the order of a few#v/m (a few mv/m) for exciting modes with

tens of kilometers (tens of meters) and larger scales in the magneto-

sphere at L - 4.0 (in the ionospheric F region), that are achievable

whistler wave field intensities with available facilities. However,
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whistler waves with much higher intensities are required to ensure the

excitation of the thermal filamentation instability in the magnetosphere.

This Is because the growth rate of the instability is rather small if

the whistler wave field intensities just barely exceed the threshold L

fields.

In terms of the threshold (eth), the growth rate of large

scale modes (i.e., f >> c/A ) is given by
p(2 p k IQME/C(4

that turns out to be independent of the scale lengths because as shown

in (3). £th is proportional to k. If c he a- 0(l), y is of the orderh o 0th
of 10 Hz (10 Hz) in the magnetosphere at L - 4.0 (in the ionospheric

F region). The Siple signals, propagating in the non-ducted whistler

mode, have e /e b- 0() in the magnetosphere at L - 4.0. The probability
o t-

for seeing the Siple signals in the ducted whistler mode is about 20Z.

The growth rate can be increased by two to three orders of magnitude in

the ducted whistler propagation. Therefore, if the Siple transmitter

is operated for a few minutes, ,the thermal filamentation instability

can excite in the magnetosphere at L - 4.0 the plasma density fluctu-

ations with scale lengths greater than tend of kilometers. This in-

stability can also be excited in the ionospheric F region by the MF

waves with frequencies close to but less than the local electron gyro-

frequency.

3. Excitation of lower hybrid waves

The injected VLF waves can Interact directly with the ionosphere

through the excitation of lower hybrid waves and a field-aligned purely

growing mode. This instability can be excited in a broad whistler

frequency range In two domains. They are Domain 1: wLHI[l+(M/m)(v 2/c)(
Wple)2 < 0 < pi for the non-oscillatory beating current to be the
p e 0 P

dominant nonlinear effect, and Domain 2: wpi < o IQ for the

thermal pressure force to be the dominant nonlinear effect, where w

defined by p/(I+ 2/I2) is the lower hybrid resonance frequency;

Wpi(,p) , vt , and (H/m) are the ion (electron) plasma frequency,

the electron gyrofrequency, the electron thermal velocity, and the ratio

of ion to electron masses, respectively. K-.

The optimum threshold field for the instability is found to be

% -A-



EA. 1.2 (u/e)veVnJI in frequency domain I and E -0.86(k v Wl)(m/e).I
m et t e

I + (1 + 4a 2v2n2/ksVt )  /Inl in frequency domain 2, where v and k
e a a .

are the electron-ion collision frequency and the wave number of the

excited field-aligned mode, respectively; n - (1 + (M/m)(ko/ks)21/ [1 -

(M/m)(K/k) 2 (e/wp )2] , where k /k. is the ratio of the perpendicular

to the parallel scale lengths of the excited lower hybrid waves.

The growth rate of the instability has the following expressions,

y.e0.5(v k v 12 ) (Ei - 1) for Ei << 10 and y-.1.4(v k v 2/ ER foreat ee s t eK".-'-

ER2 >> 10, where ER is the ratio of the whistler field intensity (E.) to

the optimum threshold field intensity (Em) of the instability. Since

W wH 6 KHz in the ionosphere, the whistler wave frequencies have to be

greater than 6 KHz for the excitation of lower hybrid waves. The thres-

hold field has been estimated to be about 1 mv/v. If E -0(10), the in-

stability with dominant scale lengths near 10 meters can be excited with-

in a few seconds in the ionosphere. By contrast, kilometer-scale lower

hybrid waves can be excited in the magnetosphere at L - 4.0 with much

lower threshold field ("-a few,*v/m). The growth rate is, however, rather

small for non-ducted whistler modes, whose ER-O(l). Whereas, the ducted

whistler modes can excite the instability with growth rates as large as

10- 2 Hz. In other words, lower hybrid waves can be produced by ducted

whistler waves in the magnetosphere within a few minutes. Electron pre-

cipitation is the ionospheric effects expected from the excitation of

lower hybrid waves. Indeed, airglow effects have been observed in the

Russian Juliana program (Chmyrev et al., 1976) to be associated with the

VLF transmitter cycle.
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